The effect of cross-phase modulation (CPM) on the soliton switching in fiber nonlinear couplers is analyzed by studying the evolution of the soliton parameters at different values of the ratio o-between the CPM and self-phase modulation contributions. It is shown that the CPM effect may sufficiently modify the switching characteristics, and perfect switching is always achieved for o -1 when the model becomes exactly integrable. The main conclusions of the present analysis are confirmed by numerical simulations.
The particlelike dynamics of temporal solitons in nonlinear optical fiber suggests their potential application to all-optical switching,'-7 e.g., in the socalled directional couplers. 8 ' 9 For intense picosecond pulses the interplay between velocity dispersion and self-phase modulation (SPM) leads to the formation of solitons, so that one may. expect to improve switching by operating with soliton pulses. The standard model to describe the ,soliton switching-is a system of two nonlinear Schrodinger (NLS) equations for two optical modes that 'are coupled by linear and nonlinear interactions'., Th'e nonlinear coupling may appear as a result of the cross-phas6-modulation (CPM) effect, which leads to a strong interaction between optical modes. It is the purpose of this Letter to analyze the influence of the CPM effect on soliton switching in fiber nonlinear couplers.
Considering evolution of the mode envelopes u and v of the transverse electric field in a fiber, we obtain for the most general case the coupled-mode NLS equations in the form (see, e.g., Ref. 2 
and references therein)
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where we have chosen the case of anomalous groupvelocity dispersion and introduced the soliton variables. The parameter o-is the ratio between the CPM and SPM contributions and depends on the ellipticity of the fiber eigenmodes (see, e.g., Ref. 10), and the parameter K is the dimensionless linear coupling between the modes. We should note, however, that the field envelopes u and v may have different physical attributes: For birefringent fibers, u and v refer to different polarization states in one fiber, whereas for directional couplers they are modes of separate fibers. Let us consider first the case of small a and K. In this case the soliton switching is mostly realized through the pulses of the form (see, e.g., Ref. 7)
In the presence of the linear interaction between the modes (K # 0), the soliton pulses [Eqs. (3) ] become coupled, and the input energy oscillates periodically between the modes. Considering the. parameter osmall, we may easily extend the variational approach developed in Refs. 7 and 11 to cover "the CPM effect. Indeed, assuming that the switching is realized through the pulses [Eqs. (5) are defined by
The parameter a introduced in Eqs. (4) and (5) is a function of the input power, a !V 2 /K, with 2v = P1 + v 2 being a conserved quantity. The system of Eqs. (4) and (5) does permit an analysis on the phase plane (A, +5) similar to that done for the case a = 0 in Ref. 7 . The main issue of this analysis is the threshold values of the parameter a for which the switching dynamics is drastically modified. As a result, we have three different regimes for' the soliton switching, and the critical values of a = I2 /K may be found by analyzing the critical points of the system [Eqs. (4) and (5)]. For small a, the phase plane (A, -0) always has a set of unstable (saddle) critical points A 2 = 1 and cos k = 2ab/ that are responsible for the switching: If an input soliton pulse is launched into one of the optical modes (i.e., A = 1 or A = -1), the corresponding trajectories on the phase plane pass through the unstable points,'q~nd this corresponds to the periodic change of the input intensity between the coupled modes, i.e., to a perfect switching dynamics. 7 The important result that follows from Eqs. (4) and (5) is that for small oi's the threshold value of a for perfect soliton switching is a = iT/2 + 0(u- 2 the system of Eqs. (1) and (2) at o-0 1. Applying the transformation
1A
± +1 (6) we obtain the system of two. coupled NLS equations for the new functions 4D and P: From Eqs. (7) and (8) it follows that at e = 0 priipary~equations (1) and (2) 
where ' (the soliton polarization angle) and q are constant parameters and by = 1/277 2 x .±i°)ar; the soliton, phases. Our main idea now. is ]to, apply a variational approach based on the Lagrangian formalism to the perturbed NLS equations (7) 'and (8) for e i' 0. The basis of this approach is to reformulate the system (7) and (8) (12) As the next step, we assume that the temporal pulse evolution is described by Eqs. (10), where the parameters 0 and 0-1 -02 are considered slowly varying. Substituting the soliton solutions (10) into the system Lagrangian and calculating the integrals over t, we obtain an effective (averaged) Lagrangian and derive the evolution equations for the soliton parameters 0 and X 4 Kt + 2i: 
Together with Eqs. (6), the evolution equations (13) and (14) describe the switching dynamics of the primary optical modes, u and v, which are connected with the fields 4D and T by the transformations
As follows from' Eq."(15), perfect soliton switching may be achieved it there are no stable critical points (7) of the dynamical systeda (13) and (14) on the phase plane (O,x), which is v Iid for 72 < K/IeI. In this case the phase trajectories are slightly modulated, but the angle X still evolves infinitely, which permits the switching between the modes. However, for 22> (8) K/Iel near the line 0 = O for a > 1 (or 0 = 7r/ 2 for C < 1), stable critical points appear on the phase plane (0, x) (see Fig. 1 ), and they correspond to nontrivial vector solitons, stationary states with different pulse (9) intensities in the coupled modes. In spite of the fact that the critical points exist, switching might be still The two sets of points (filled and opened circles) are the results of numerical simulations.
data X = 0 and 0 = 7r/4, so that this middle trajectory will be modified by the critical points but may still exist (Fig. 1) . Thus the condition 72 = K/IeI may be treated as a lowest estimate of the threshold amplitude for soliton switching. Increasing the input power, i.e., the value of 72, we come to the other case when new critical points appear near the line 0 = ir/2 for u > 1 (or 0 = 0 for u < 1). This occurs for 772 > 3 K/IeI, and perfect soliton switching is not now possible: The energy oscillation between the coupled modes may be completely stopped by formation of a new (nonoscillating) stationary state (a nontrivial vector soliton) that corresponds to a stable critical point on the phase plane (0, x), and it traps the energy mostly in one of the coupled modes.
Thus the results obtained above may be treated as an analytical estimate of perfect soliton switching in nonlinear optical couplers. The drastic changes of soliton switching must be observed for the input pulse intensities in the region K/IeI < 772 < 3K/Ie1. naturally recover the integrable model that has exact solutions describing perfect soliton switching for arbitrary values of y and K (see Ref. 12) . Therefore the CPM effect modifies the switching, increasing the threshold amplitude for perfect switching, and better switching characteristics may be obtained for the optical couplers with smaller values of the parameter l u -11. This result simply means that the switching in birefringent fibers (ou = 2/3) is characterized by a larger threshold power than that for directional couplers (u = 0), assuming that other parameters fixed.
To check these predictions numerically, we made simulations at K = 0.5, always starting from the initial conditions when the input pulse is launched into one mode only, and we measured the switching threshold by estimating the part of the input energy captured in one of the modes. The lower numerical dependence in Fig. 2 (solid curve, open circles) gives the limit curve below which more than 90% of the input energy is switching between the modes. The upper numerical dependence (solid curve, filled circles) gives the limit curve above which more than 90% of the input energy is captured in the primary mode not switching to the other mode. As one may conclude from Fig. 2 , the analytical estimates based on the analysis of the critical points (the two dashed-dotted curves) are in a good agreement with such numerical results, which shows that the appearance of nontrivial (stable) vector solitons is indeed one of the main nonlinearity-induced effects in the soliton switching for large pulse amplitudes.
In conclusion, we have analyzed the influence of the CPM effect on the soliton switching in nonlinear optical couplers by applying a variational approach. As follows from our study, the soliton switching is drastically modified by a nonlinear coupling, and the threshold amplitude for perfect soliton switching tends to infinity when ou -1, so that this specific value of the CPM parameter is clearly selected by the system itself. The analytical predictions have been confirmed by direct numerical simulations of the problem, showing good agreement with the variational approach analysis.
